Introduction
Crown rust is the main disease affecting oats (Avena sativa L.) in all regions of crop growth (Simons, 1985; Martinelli, 2000) . The damage caused by crown rust is dependent upon the duration and intensity of the epidemic, among other factors. In Brazil, the genetic diversity and complexity of this rust is extremely high (Leonard and Martinelli, 2005) , and reductions in grain yield may be greater than 50% (Martinelli et al., 1994) .
Genetic resistance has been the chief method utilized to control this disease. Thus, far more than a hundred genes have been identified that confer race-specific resistance in oats. Virulent races of P. coronata f. sp. avenae P. Syd. & Syd. have been described exhibiting resistance to all of these genes, although the frequency of virulent races (or isolates) exhibiting resistance to some of these genes has remained low over the years. Leonard and Martinelli (2005) found only 2% of P. coronata f. sp. avenae races that were virulent to plants containing the Pc68 gene in southern Brazil. This led to the hypothesis that this may be the only gene that still has potential utilization for breeding programs in that environment. Similarly, in North America, the frequency of virulent isolates to plants containing the Pc68 gene ranged from 1% to 2% of the isolates during the 1990s (Leonard, 2003) . The low frequency of virulent races for the Pc68 gene has been observed in several locations around the world, such as Estonia (Sooväli and Koppel, 2003) , South Africa (van Kiekerk et al., 2001) and Mexico . Despite the known potential of this gene, there is no available Brazilian cultivar (or South American) that Sci. Agric. (Piracicaba, Braz.), v.67, n.4, p.435-440, July/August 2010 exhibits resistance conferred by this gene. In comparison, a few cultivars have been released in Canada that contain the gene Pc68 since the 1990s (McCallum et al., 2007) . However, the presence of races virulent to the Pc68 gene was detected during 1996, and the frequency of these variants increased gradually over the next three years (Chong, 2000) .
Considering the potential use of the Pc68 gene in the breeding programs of southern Brazil, this study aimed to determine the resistance inheritance conferred by this gene in oat recombinant inbred lines, and to investigate the efficacy of the Pc68 gene when exposed to a favorable environment for the development of the disease.
Material and Methods
Genetic material: For the analysis of segregation and the source of resistance, 135 recombinant lines of oats (A. sativa L.) were used with the F 5:6 and F 5:7 generations originating from crossing the susceptible cultivar UFRGS 8 (OA 338 * X 2682-1) with the resistant genotype Pc68/5*Starter, which were advanced by SSD without selection from the F 2 generation onwards. UFRGS 8 is a former Brazilian cultivar of oats with daylenght insensitivity, good grain yield and resistant to crown rust when it was released in 1985 and it is now susceptible to the prevalent races and, Pc68/5*Starter is a North American line possessing the resistant gene Pc68.
Test on seedlings:
Seeds of line F 5:6 were sown in plastic pots filled with 150 mL of substrate. In each pot, 10 seeds of each genotype were sown. Due to the poor germination of some genotypes, only 126 of the 135 lines were utilized for this test. The cultivar UFRGS 8 and genotype Pc68/5* Starter served as controls. On the same day, the set of genotypes that compose the differential collection were also sown to determine the races of P. coronata f. sp. avenae . Seedlings were incubated in growth chamber under controlled conditions, with a photoperiod adjusted for 16 h of light and 8 h of darkness at a temperature of 22 ± 2°C until 18 days after sowing (DAS). Then, the seedlings were transferred to a greenhouse. Seedlings were inoculated at 12 DAS, at the appearance of the first fully expanded leaf. The inoculation was performed with the race SQPT of P. coronata f. sp. avenae, which is avirulent to plants containing the Pc68 gene and to the cultivar UFRGS 8.
Inoculation was performed by shaking the leaves of cultivar UFRGS 8, where the inoculum was multiplied, over and between the healthy seedlings. The seedlings were then sprayed with an aqueous solution of Tween® 20 at the concentration of 1 mL L -1 and kept in the dark in a moist chamber for 20 h at a temperature of 22 ± 2°C. Assessment of the disease was performed 15 days after inoculation and the infection type (IT) on seedling leaves was scored according to the method of Chong et al. (2000) , using a scale from 0 to 4, where 0 = absent uredia or other macroscopic infection symptoms, 1 = small uredia surrounded by chlorosis or necrosis, 2 = small to medium size uredia surrounded by chlorosis, 3 = medium size uredia in a chlorotic area, and 4 = large uredia without chlorosis or necrosis. Responses 0, 1, and 2 were considered indicative of host resistance, whereas 3 and 4 were indicative of host susceptibility. avenae. The intensity of crown rust was evaluated by scoring the severity of the disease, considering all leaves per plants and determining the average of readings per plot, based on Coob's modified diagrammatic scale ranging from 0 to 100% (Peterson et al., 1948) . The last assessment of the disease severity was denoted as the final severity (FS).
Following evaluation of the disease throughout the disease cycle, the progress curve for each genotype was constructed and utilized to estimate the Area Under the Disease Progress Curve, which was normalized and corrected (AUDPC*c) with the formula: ASCPD*c= { S { [(y i + y i+1 )/2] * (t i+1 -t i )}} / n * c; where yi = % of leaf area affected by the rust severity in the i -th observation; ti = time in days after the beginning of the disease at the i -th observation; n = period of days between the beginning of the disease and latest disease assessment (adapted from Fry, 1978) , and c = the longest cycle epidemic amongst the genotypes tested.
Data Analysis: A scale of 0 to 4 was used during this study, as previously described . The seedlings that received infection scores equal or smaller than 2 were considered resistant, and those with scores greater than 3 were considered susceptible. The data for FS and AUDPC*c were analyzed using descriptive statistics. The distribution of the frequency of these variables and the construction of histograms were performed using the program BioEstat (Ayres et al., 2003) . The number of classes for frequency distribution was calculated by the empirical formula C = √N, where N = number of observations evaluated. Value zero was used for the variables FS and AUDPC*c for an individual class in 2004.
In 2004, the lines that did not exhibit disease throughout the entire season period, with AUDPC*c equal to zero, were considered resistant. The other lines were considered susceptible. However, the limits for the resistant lines were altered during the next year, when the environment was more favorable for the disease. Thus, the lines that had FS or AUDPC*c values lower than the average of the resistant parent (Pc68/5*Starter) were considered resistant in 2005, with values corresponding to 3.92% for FS and 76.17 for AUDPC*c, respectively. These resistance criteria were based on the fact that these levels of disease are low and do not reach the economic threshold. Pc68/5*Starter exhibited similar or lower levels of disease intensity in 2006, 2007, and 2008 (data not shown).
The ratio of resistant to susceptible lines (R:S) was subjected to the test of goodness of χ 2 with Yates' Continuity Correction (Zar, 2009 ). The expected frequency of resistant to susceptible lines (R:S) was tested from 1:1, 3:1, and 1:3. Each of these situations could be achieved when: (i) there is only a single gene for resistance, and the proportion of R:S and the possible genotypes would be 1R (AA):1S (aa); (ii) there are two effective genes for resistance working independently, and the proportion of R:S and the possible genotypes would be 3R (AABB, AAbb and aaBB):1S (aabb); and (iii) there are two genes for resistance, which are only effective through epistasis, resulting in the proportion of R:S and the possible genotypes 1R ( AABB):3S (AAbb, aaBB and aabb) or 1R (aabb):3S (AABB, AAbb and aaBB).
Results
The cultivar UFRGS 8 and the genotype Pc68/5* Starter were classified as susceptible (IT 3) and resistant (IT 0), respectively, to race SQPT of P. coronate f. sp. avenae. Lines F 5:6 showed infection types varying between (0) and (3). Of these, 62 lines were classified as resistant (IT 0 to 2), and 64 were classified as susceptible (IT 3). In 2004 the observation of the first pathogen pustules occurred on August 29, 72 DAS. After that disease severity was evaluated on September 10, 15, 23, 29, October 4, and 15. Disease severity was monitored for 47 days. The final severity of crown rust ranged from 0% to 34%. In the field, 64 lines (47%) exhibited low FS, with values between zero and 2.83%, and this class had the highest number of individuals ( Figure  1A ). Among this class, a final severity equal to zero was exhibited by 53 lines, which corresponded to 38% of the sample. Values of AUDPC*c equal to zero were obtained for 36 lines (26%) ( Figure 1B ). Of these, 32 (24%) had an infection type (0) in the seedling assessment, and the others had an infection type (3) or were not assessed.
In 2005 the environmental conditions were more favorable for the development of crown rust. Disease severity was evaluated 13 times, during 76 days, on the following dates: August 5 (42 DAS), 11, 19, 26, September 5, 16, 22, 26, 29, October 3, 6, 13, and 20 . The resistant parent Pc68/5*Starter exhibited an average final severity of 3.92%, while UFRGS 8 comprised only 16.67% ( Figure 1C Figure  1D ).
The analysis of seedlings resistance to the pathogen demonstrated a monogenic inheritance, which is in agreement with the test of goodness of χ 2 for the hypothesis Table 1 ). The assessment of the final severity did not allow for adjustment to the models of inheritance, and thus, was not appropriate for this type of analysis. This may be due to the low frequency of the virulent race to Pc68 in the field. In this case, the final severity limits the analysis to one specific moment of the epidemics, which may not consider the severity of the disease that occurred earlier, on lower leaves, that will not be measured later due to the senescence of those leaves. This situation tended to overestimate the number of resistant lines.
Discussion
Resistance to race SQPT of P. coronata f.sp. avenae was due to the presence of a single gene, Pc68. Resistance due to another gene is highly unlikely, since the cultivar Starter is susceptible to virtually all races tested in the United States and Pc68/5*Starter was resistant to all races of P. coronata. f. sp. avenae tested over several years. Furthermore, the parent UFRGS 8 proved to be susceptible to the race SQPT, demonstrating that this cultivar could not have been the donor of this resistance gene. Therefore, the results are in agreement with those obtained by Wong et al. (1983) and Koeyer et al. (2000) , indicating that the resistance conferred by the gene Pc68 segregated in the F 2 generation in the proportions 3:1 and 1:2:1, respectively.
Although the results for seedlings have demonstrated that the resistance in the population segregates for the gene Pc68 as a single gene, the data obtained from the field in 2004 indicate that only 32 lines, accounting for 24% of the total population, were immune to crown rust. The proportion of immune lines clearly indicates that during this year, there were no races in the field that were able to infect the genotypes containing two genes for resistance (AABB). Even without assessing the parent Pc68/5*Starter in the 2004 field, these data indicate that there were races capable of infecting this genotype, since those lines that had only one gene for resistance, which accounted for 50% of the total expected population, exhibited some level of infection. These results indicate that the frequency of races capable of infecting genotypes, which contained a single gene for resistance, was low in 2004. The environmental conditions in that year were probably not favorable to a significant increase in the disease resulting from those races. In comparison, a new variant of the pathogen with virulence against Pc68 and the other resistance gene was found in 2005, since none of the lines exhibited immunity in the field. The environmental conditions were more favorable to crown rust in this year, which contributed to genotypes that had only one gene for resistance presenting higher AUDPC*c.
The absence of lines immune to crown rust in 2005 and the presence of lines that were more resistant than the genotype Pc68/5*Starter, suggest the existence of two separate genes for resistance. Thus, the resistant lines must possess genotype AABB and the susceptible lines any of the following genotypes: AAbb, aaBB, or aabb. The genotype Pc68/5*Starter is the source of the Pc68 gene used in this crossing, which confers at least one gene for resistance. However, Pc68/5*Starter is a near isogenic line and might have another resistance gene in addition to Pc68, which would originate from the cultivar Starter. This cultivar demonstrated a degree of resistance upon release in the U.S. (Stuthman et al., 1990) , but now it is considered highly susceptible (Díaz-Lago et al., 2002; Leonard, 2002; Leonard, 2003) . If the additional gene for resistance was from the genotype Pc68/5*Starter, the resistant recombinant lines would be expected to exhibit levels of FS and AUDPC*c that would be very similar to the resistant parent. Some lines were more resistant than the Pc68/5*Starter, which suggests that a second gene for resistance is present in the cultivar UFRGS 8. In order to clarify this matter further and to validate this model, it would be of value to evaluate this population with a race virulent on Pc68 and avirulent on UFGRS 8, and a race avirulent on both parents. However, there were no such isolates in 2004 and those virulent on Pc68/5*Starter found in the field in 2005 did not develop infection on seedlings when inoculated under controlled conditions, situation that stands until the present date.
On September 22, 2005 (90 DAS), plots sown with the genotype Pc68/5*Starter exhibited traces of crown rust, progressing to levels that ranged from 0.2% to 10% in severity with intense development of pustules typical of an infection type (3) at the last evaluation in October 20 (118 DAS), followed by intense development of telia. Despite the wide variation in severity among replicates, the severity of 10% in one of them, and for the sudden change in the shape of the progress curve towards susceptibility (Figure 2 ), suggest that this resistance gene was overcome during 2005.
Virulence to plants containing the Pc68 gene found in populations of P. coronata f. sp. avenae has been demonstrated experimentally in Brazil (Martinelli, 2000) , Canada, USA, (Leonard, 2003) , Mexico , Siberia, Uruguay (Leonard and Martinelli, 2005) , and Australia (Park, 2000; Oates, 2000) . However, the proportions of virulent races for this gene always remained at relatively low levels. Interestingly, the overcoming of this gene in the population has always occurred during a relatively short period of time in different places and environments, as well as under restricted epidemic conditions of the individual populations, such as genetic diversity, complexity, and distinct biological cycles. These results call into question the effectiveness of the use of such resistance genes in breeding programs as well as the strategy of using race specific resistant genes to control this disease.
